BIOCHEMICAL SOCIETY TRANSACTIONS Au(I1) could cause the broadening observed in the n.m.r. spectra. Extended X-ray-absorption fine-structure spectroscopy (e.x.a.f.s.) of gold edges (Mazid et al., 1980) appears to be promising for the study of gold co-ordination sites. Wood, 1980). Gentle digestion with proteinases allows the individual domains to be separated and purified (Gielens et al., 1980). When this is done, eight types of subunit can be distinguished by their absorption and c.d. spectra, their immunological properties and, for those haemocyanins so far investigated, their oxygen-binding properties (Lontie & Gielens, 1979).
The haemocyanins of gastropod molluscs are giant protein molecules of mol.wt. 9 x lo6, each molecule being composed of 20 polypeptide chains. Each of these polypeptide chains contains eight linked oxygen-binding moieties or 'domains' of mol.wt. approx. 50000 and possessing two copper atoms (Wood, 1980) . Gentle digestion with proteinases allows the individual domains to be separated and purified (Gielens et al., 1980) . When this is done, eight types of subunit can be distinguished by their absorption and c.d. spectra, their immunological properties and, for those haemocyanins so far investigated, their oxygen-binding properties (Lontie & Gielens, 1979) .
In the present work the haemocyanin of the pond snail, Lymnaea stagnalis, and some of its subunit domains were studied by equilibrium and kinetic methods.
Haemocyanin was isolated by ultracentrifugation (Hall et al.. 1975) , and subjected to digestion with trypsin or plasmin, in both the presence and the absence of Ca2+ ions. Fragments resulting from proteolytic cleavage were separated by ionexchange chromatography on DEAE-Sepharose CL-6B followed by gel filtration on Sephadex G-150. The purity of the fragments obtained was checked by sodium dodecyl sulphate/polyacrylamide gel electrophoresis and by crossed immunoelectrophoresis. Oxygen equilibrium measurements were performed with a tonometer of volume approx. 150ml fitted with a Icm glass cuvette. The degree of saturation was calculated from the A 346. since only oxy-haemocyanin, but not the deoxy form, absorbs at this wavelength. Increasing amounts of oxygen were added to the evacuated tonometer by means of a syringe needle passed through a rubber seal. Temperature-jump and stoppedflow experiments were performed as described previously (Wood et al., 1977) . For the temperature-jump experiments, the cell was made air-tight and was filled inside a glove-bag in order to achieve different oxygen concentrations.
Native Lymnaea haemocyanin bound oxygen co-operatively. the maximal slope of the Hill plot being in the region 3.0-3.4. Haemocyanins typically show co-operative oxygen binding in the presence of bivalent metal ions such as Ca2+ or Mgz+, and this was true of Lymnaea haemocyanin. Haemocyanin from the freshwater Lymnaea showed a normal Bohr effect (Fig. 1) . Land-gastropod haemocyanins typically exhibit a normal Bohr effect, whereas marine gastropod haemocyanins normally exhibit a negative or reverse Bohr effect (Brix et al., 1979) . The kinetic basis for the Bohr effect lies in the values for k,, rather than for k,, (Van Driel et al., 1974; Wood et al.. 1977) . For native Lymnaea haemocyanin under conditions approaching those in the haemolymph, k,, was 17 M-'-s-' and k,, was 8s-'
Fig. 1. Oxygen equilibrium curves (Hill plots) for native Lymnaea haemocyanin, at three direrent pH values Vrom left
to right pH8.0. pH 7.2, pH6.8) Over this pH range the haemocyanin shows a Bohr effect. Conditions: 10 mM-Hepes adjusted to the appropriate pH. 2OOC. Maximum slope is for the pH8.0 plot, h,,,., 3.4. y is the fractional saturation.
Isolated oxygen-binding domains invariably exhibited hyperbolic equilibrium curves in which the P,, (the partial pressure of oxygen at half-saturation) was lower than that of the native haemocyanin, indicating a higher affinity for oxygen. In addition, there was less effect of pH on the oxygen affinity than in the native state. For technical reasons some subunit domains are easier to isolate from Lymnaea haemocyanin than are others, and at present kinetic studies have only been performed on certain of the domains. Some multiple-domain digestion products have also been investigated. Thus a fragment thought to consist of the first three domains from the N-terminal end of the polypeptide 595th MEETING, MANCHESTER chain bound oxygen in a hyperbolic manner and had a lower oxygen affinity than any of the individual subunits, but a higher affinity than that of the native haemocyanin. Ethanolamine ammonia-lyase (EC 4.3.1.7). originally discovered in a species of Clostridium (Bradbeer, 1965) , has more recently been found in a number of enterobacteria, including Escherichia coli (Blackwell et al., 1976 . The purification and some properties of the enzyme in E . coli type 1 have been described (Blackwell & Turner, 1978a) . Both ethanolamine and a cobalamin were required for enzyme formation, a phenomenon termed concerted induction (Blackwell & Turner, 19786) . We now report investigations of the subunit structure of the enzyme and the number of substrateand cobalamin-binding sites.
A mutant of E. coli producing ethanolamine ammonia-lyase constitutively (N.C.I.B. 1 136 1) was used as the starting material for enzyme purification by a modification of that used for its purification from the wild-type (Blackwell & Turner, 1978~) .
Gel filtration on a calibrated column of Bio-Gel A-5m agarose indicated a molecular weight for the enzyme of approx. 520000 and a Stokes radius of 6.3nm, assuming a spherical shape. Ultracentrifugation studies had previously suggested a molecular weight of approx. 560000 (Blackwell & Turner, 19780) . Electrophoretically homogeneous enzyme preparations gave two protein bands on sodium dodecyl sulphate/polyacrylamide-gel electrophoresis, confirming immunological evidence for two subunits (Blackwell & Turner, 1978~) . Molecular weights of 56 900 and 35 200 respectively were calculated relative to markers. Quantitative densitometry of stained gels gave a protein I/protein I1 ratio of approx. 1 : 1.6, the same as that of the molecular-weight ratio, suggesting an equal number of subunits in the native enzyme. Molecular-weight considerations suggested that the enzyme is made up of six subunits of each type.
Ethanolamine ammonia-lyase-deficient mutants of several E. coli strains, including K 12, were obtained by standard mutagenesis, enrichment and selection procedures. Each was unable to grow on media containing ethanolamine as the sole nitrogen source. All such mutants lacked the larger enzyme subunit, protein I. Ouchterlony double-diffusion tests showed only a single inner precipitin line. Such enzyme-deficient mutants of E . coli K12 were analysed genetically by using the standard gradient of transmission procedure. The gene specifying the large subunit, protein I, mapped at approx. 15min. Ethanolmaine ammonia-lyase-deficient mutants grown on media containing NH,+ as a nitrogen source, but including ethanolamine and vitamin B ,*, incorporated y-radioactivity from cyanoIJ7Colcobalamin. Gel filtration of bacterial extracts on Bio-Gel A-5m showed a single peak of radioactive protein, enzymically inactive, eluted at a volume equivalent to a Present address: Department of Botany, University College, Cork, Ireland. molecular weight of approx. 220000 relative to protein markers. This corresponds to a hexamer of the small subunit protein 11. Extracts of the parent E . coli K12, grown under similar conditions, gave a peak of radioactivity, coincident with enzyme activity, corresponding to a molecular weight for the holoenzyme of approx. 5 10000.
The binding of radioactively labelled substrate and cyanocobalamin to the intact E. coli apoenzyme was studied by a number of independent methods, including equilibrium dialysis and ultrafiltration through a Diaflo membrane (Paulus, 1969) . Non-equilibrium gel filtration on Sephadex G-50, by a modification of a method described by Babior (1969) , was also used.
All three procedures used ~yano[~~Colcobalamin or I1 -'Hlethan-I-01-2-amine as the ligand, and the results indicated two binding sites for the former and six for the latter in each case. Ligand binding was concentration-and pH-dependent.
Although early studies of the ethanolamine ammonia-lyase from Clostridium sp. indicated a composition of eight to ten identical subunits (Kaplan & Stadtman, 1968) , strong evidence now points to two different subunits, six of each type (Wallis et al., 1979) . Recent evidence suggests that the clostridial enzyme possesses six active sites on the basis of both substrate and adenosylcobalamin binding (Holloway et al., 1980) . Immunological evidence for two subunit proteins in the E. coli enzyme (Blackwell & Turner, 1978a ) is now confirmed, and a I,II, composition similar to that of the clostridial enzyme is proposed. A minimum molecular weight, based on the amount of histidine found on amino acid analysis of the native enzyme, of one-eighteenth of the value of approx. 540000, is consistent with this subunit composition. It seems likely from the results obtained with ethanolamine ammonia-lyase-deficient mutants that the small subunit is responsible for cobalamin binding. It is possible that a trimer of protein I1 molecules may represent each of the two cofactor-analogue-binding sites. The enzyme from E. coli and Clostridium are similar in amino acid composition except that lysine is more prevalent than arginine in the latter case (Kaplan & Stadtman, 1968; Wallis et al., 1979) but not in the former.
